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Abstract 
CaCu3Ti40i2 (CCTO) was prepared by a conventional solid-state reaction using the 
mixed oxide route from stoichiometric ratio of CaCOs, TiOz, and CuO. Its very high 
dielectric constant is nearly frequency independent over a wide range at room 
temperature. As such, it shows tremendous potentials in electronics, as capacitors and 
memory devices. CCTO samples are not single crystals. They have many defects and 
boundaries, which could influence their dielectric properties. The dielectric properties 
of the CCTO phase are sensitive to the exact Cu/Ca ratio, which may be related to the 
density of defects and types and numbers of boundaries. To confirm these, I prepared 
several CCTO samples under different sintering times, sintering temperatures, and 
Cu/Ca ratios. 
The experimental results showed: Firstly, the calcining process is sensitive to the 
temperature; secondly, the sintering process is affected by the calcining process; 
thirdly, the samples' dielectric properties are strongly affected by the sintering 
temperature, sintering time, and Cu/Ca ratio; fourthly, the CCTO ceramic samples can 
decompose at too high sintering temperatures or too long sintering times; finally, the 
samples generally have a very high dielectric constant, at least 10,000 over very wide 
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Chapter 1 Introduction 
1.1 Background 
In mobile electronic equipments, such as cellular phones and personal computers, 
trends toward miniaturization, high performance, and lower electric power 
consumption have become increasingly prominent. Integration into and 
miniaturization of chips of passive components, such as capacitors, inductors, and 
resistors used in these pieces of equipment, have also accelerated. Conventionally, 
single-layer ceramic capacitors, such as disks and cylindrical-type, have been 
primarily used. In recent years, the ceramic material CaCu3Ti40i2 (CCTO) has 
attracted much interest due to its extraordinary dielectric properties. Materials 
with a dielectric constant greater than 7 are classified as high-dielectric-constant 
materials.'^ In fact, CCTO has been shown to reach a very large dielectric constant, 
exceeding 10,000, that is nearly constant over a wide temperature range from 100 to 
400 K and a wide frequency range below 1 MHz.''^ Such unique properties of CCTO 
are very promising for capacitor applications in microelectronics and microwave 
devices (cellular mobile phones, for example) where the miniaturization of the 
devices is crucial.^'^'^'^ 
1.2 Structure 
The structure of CCTO is closely related to that of the perovskite. The chemical 
formula of perovskite is AMO3 and its structure is cubic with coordination numbers of 
six and twelve for the M and A cations, respectively. The structure can be thought of 
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as building up from a network of comer-shared MOe octahedra, where all M-O-M 
angles are 180°. Significant deviations from the ideal perovskite stoichiometry and 
structure frequently occur. Most of the distorted perovskite structures occur as a result 
of octahedra tilting, where some or all of the M-O-M angles are bent away from the 
ideal 180°.^^ This tilting occurs to accommodate a coordination lower than twelve for 
the A cation. In the special case of CaCu3M40i2，where both Ca and Cu take up the 
place of A cations, the tilting produces a square planar oxygen coordination for the Cu 
cations, whose coordination is generally viewed as eight. In addition, this tilting 
produces a square-planar Ca and Cu atoms. Cubic symmetry is retained in the 
structure (body-centered cubic (bcc), space group Im3). This is the structure of CCTO. 
CCTO contains Ti on the M sites, and all the Ti-O-Ti angles are reduced to I4i�.5，ii,i2 
A schematic drawing of a unit cell of the CCTO structure is shown in Fig. 1.1. 
m 
Fig. 1.1 A unit cell of CaCu3Ti4012, which consists of two formula units. 
Ti atoms sit at the center of the tilted Ti06 octahedra, with bridging Cu 
atoms bonded to the oxygen atoms, and large Ca atoms at the comers 
and center of the unit cell. 
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1.3 Models 
CCTO is believed to be electrically heterogeneous and consisted of semiconducting 
grains and insulating grain b o u n d a r i e s ,丨3,丨4 ’丨 5’丨6’丨 7,丨8’丨9’20’2i thereby possessing the 
required microstructure of an internal barrier layer capacitor (IBLC).^ '^^ '^^ " '^^ ^ The 
observationsi,4’26 in the past several years of a giant dielectric constant in it have led 
to considerable efforts devoted to understanding the origin of this behavior J ^  It is 
widely accepted that the giant dielectric constant results from an "IBLC" effect. A 
recent study which combines the methods of impedance spectroscopy and real space 
imaging by scanning probe microscopy^^ supported that the grain boundary is 
responsible for the IBLC.22 The internal barriers refer to the insulating barriers, which 
have been argued to include not only the grain boundaries but also some kinds of 
extended planar defects inside the grains, ’ because exceptionally high dielectric 
constant was also observed in CCTO single crystals?^ In addition, it is also believed 
that the insulating surfaces formed on the semiconducting grains during the sintering 
process of the CCTO results in an electrically heterogeneous material. 
1.3.1 Parallel RC 
A parallel circuit consisting of a resistance R and a capacitance Cp was used as the 
equivalent circuit model of the sample during the measurement of its dielectric 
properties. In our experiments, the capacitance Cp and the dielectric loss D of a 
parallel-plate capacitor made up of a disk shaped CCTO sample were measured at 
various frequencies. 
The capacitance obtained in our measurements is: 
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Cp = ， t 
where Sq is the dielectric constant of free space, s' is the real part of the dielectric 
constant of a CCTO disk, whose diameter is d and thickness t, and S = is the 
area of the disk. 
AC t Thus, (1.1) S^Tld 
Because D = ~ - ~ , where co is the frequency of the electric field and p is the coRCp 
resistivity, so: 
D = , (1.2) 
f:��s (t)p 
and R=~！^. (1.3) coDC^ 
Since D = 一，where s “ is the imaginary part of the dielectric constant, s, 
s"= Ds'. (1.4) 
D, the dielectric loss, is related to the loss of stored electric energy and usually named 
loss tangent or dissipation factor. 
The R and Cp elements give rise to a complex impedance Z* which may be expressed, 
in the polar coordinate, form as: 
4 
D Q coRC Z* = Z,-iZ" + ). The phase angle 9 is defined by tan-=———j-f^. 2 2 \ — 0)KCp 
The real part of the impedance is given by: 
Z ' = ( 1 . 5 ) 
and the imaginary part is given by 
Z " = — — r - ^ . (1.6) 
In order to eliminate the influence of the geometry of the samples 
= = � w h e r e p is the resistivity), we define the geometrical ne t P 4/ 
factor as 1. Under this convention, Z'and Z" have the unit Q*cm, R stands for p and 
Cp for ‘. 
In the case that is a frequency independent quantity, Z* describes a semicircle of 
diameter R, centered at ( — , 0), in the Cole-Cole plot. 
1.3.2 Two parallel RCs in series 
In light of the "IBLC" model, the dielectric properties of a CCTO sample in the 
impedance measurements may be represented by an equivalent circuit consisting of 
two parallel RC units connected in series. The two parallel RC units represent 
semiconducting grains (Rg, Cg) and insulating barriers (Rb, Q) , respectively. Here Rg, 
Rb, Cg and C/； are frequency independent parameters of the model. 
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The real and imaginary parts of the impedance of the equivalent circuit become 
Z ' = ~ ~ ？ + ^ ^ ^ (1.7) 
and z " = �� (1.8) 
Thus, Z* = Z,-iZ"=�1 + e'^" J + + e泊b) ’ 
where tan-^ = f f ” tan— = ，丄，. 
2 RgCl 2 \-co^RlCl 
In most studies, it has been found that for CCTO, Rb » Rg, Cb » Cg at room 
R 
temperatures. 13 At high frequencies, such that coRgCg » 1 , Z ' » , ^ , « 0 and 
Z" « ~ 5 ~ a 0 . A semicircle of very small diameter Rg was not seen in our 
�Cg 
experiments, which measured the impedance only up to 30 MHz. But it was observed 
by others who extended their measurements to frequencies above 50 MHz.^ ® At low 
frequencies, coRbCb « 1 , Z, w 办 + /？容� 办 and Z " « 0 . 
More importantly, at intermediate frequencies, ^ >co> — ^ , 
RgCb RbCb 
^, n R. …. coR^Ch 
Z 今 T T ^ a n … ( 1 . 9 ) 
R 
This is a semicircle of radius Rb/2, centered at (R^ + — , 0 ) . 
At frequencies, such that coRgCb « 1，the dielectric loss has been shown to be:^^ 
D =去 + �RgCb. (UO) 
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1.4 Motivations 
Different calcining conditions were used to prepare CCTO ceramic samples, e.g. Li et 
el.3i did the calcining process at 800, 850，900, 950, and 1000°C for 12 h. They found 
that there were still other phases co-existing with CCTO. So I want to synthesize 
CCTO by an improved process, which uses lower power and is faster. 
The dielectric properties of IBLCs are very sensitive to processing parameters. The 
sintering temperature, sintering time and Cu/Ca ratio all have some influences on 
CCTO. Studying these influences help us to understand what changes the dielectric 
properties and which part of CCTO is changed. 
1.5 Our work 
I carried out experiments to synthesize CCTO ceramic samples. Firstly, I performed 
two different calcining processes to investigate the conditions under which the solid 
state chemical reactions leading to CCTO was completed. Secondly, I sintered the 
calcined samples at different temperatures to find out the conditions that produce a 
large dielectric constant and that result in their decomposition. In addition, I sintered 
the samples at 1000°C for different durations to observe how sintering times affect the 
dielectric constant. Finally, the samples with different Cu/Ca ratios were prepared to 
study the influence of stoichiometry on the dielectric properties. 
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Chapter 2 Experiment 
2.1 Sources and substrate 
The CCTO ceramic samples were prepared by solid-state reactions of starting 
powders of CaCOa, CuO, and Ti02. The purities, molecular weights and suppliers of 
the powders used are listed on Table 2.1. All the samples were placed on an AI2O3 
substrate and heated and cooled in air. 
Table 2.1 Starting powders 
Name Purity Molecular weight Supplier 
CaCOs 99.0% 100 Farco Chemical Supplies 
CuO 99+0/0 79.54 Sigma-Aldrich 
TiOz >98% 79.90 B.D.H. Laboratory 
2.2 Preparation of the CCTO samples 
In both the calcining and sintering processes, the temperature of the furnace rose at a 
speed of 20 °C/min. After the processes, the samples were left in the furnace and 
naturally cooled to the room temperature. 
Procedures involved were: 
I tried two different calcining processes, resulting in two kinds of the samples which 
were designated as A and B, and compared their differences. The starting powders 
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were weighed according to the stoichiometric ratio (1:3:4)，mixed by hand grinding 
for 2 h in a porcelain mortar. Typically, the masses of the three starting powders, 
CaCO^, CuO, Ti02, were 1 g, 2.386 g, 3.196 g, respectively. A was calcined at 900°C 
for 10 h. B was firstly calcined at the same temperature and duration as A; but its 
temperature was momentarily raised to 1100°C after that. In Fig. 3.1，shown in the 
next chapter, we can see that it took 10 and 7 min to increase the temperature from 
900°C to 1100°C and cool down from 1100°C to 900°C. That is to say that B had been 
calcined above 900�C for about 17 min longer than A. The conditions of the calcining 
processes are summarized in Table 2.2. 
Table 2.2 Calcining conditions of CCTO samples 
Designation of samples Calcining process 
A 900�C for 10 h 
B 900�C for 10 h, 
900-110Q°C for 0.3 h 
Next, the samples were hand grinded again for 30 min in the porcelain mortar, and 
cold-pressed at 400 bar pressure into disks, 10 mm in diameter and 1 mm in thickness. 
Then the disks were sintered at 950°C for 10 h. I designate the so-sintered samples as 
A-1 and B-1. 
Thirdly, a series of samples prepared just like B-1 were sintered for 10 h at different 
temperatures, 925°C, 950�C，975�C, 1000�C，1050�C, 1100�C，1110�C，and 1150°C. 
The designations of these are shown in Table 2.3 
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Table 2.3 Samples with different sintering temperatures for 10 h 
Designation of samples T1 T2 T3 T4 T5 T6 T7 T8 
Sintering temperature (°C) 925 950 975 1000 1050 1100 1110 1150 
Fourthly, I sintered the disks made from B at 1000°C, but for different durations, 5 h, 
10 h, 15 h, and 30 h and obtained another series of samples, which are designated as 
shown in Table 2.4. 
Table 2.4 Samples with different sintering time at 1000°C 
Designation of samples HI H2/T4 H3 H4 
Sintering time (h) 5 10 15 30 
Note: T4 in Table 2.3 is renamed as H2 here. 
Fifthly, I repeated the experiments in which the molar ratio of CuO vs CaCOs (Cu/Ca 
ratio) in the starting powders were varied from 2 to 4. The same grinding and 
calcining were performed. The calcining process followed that of B in Table 2.2. 
Table 2.5 Samples with different Cu/Ca ratios with the calcining process B 
Designation of samples CI C2 C3 C4 C5 C6 C7 C8 C9 
Cu/Ca ratio 2 2.5 2.8 2.9 3 3.1 3.2 3.5 4 
Finally, I sintered the disks made from C3 - C7 at 975°C for 10 h，which are 
designated as shown in Table 2.6. 
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Table 2.6 Samples with different Cu/Ca ratios sintered at 975°C for 10 h 
Designation of samples U1 U2 U3/T3 U4 U5 
Cu/Ca ratio 2.8 2.9 3 3.1 3.2 
Note: T3 in Table 2.3 is renamed as U3 here. 
For electrical characterizations, silver paint was applied on both surfaces of the 
sintered disks, which had been lightly polished with the SiC paper, and then fired at 
300°C for 2 h. 
The processes of fabricating the samples are shown in the following flow chart: 
Three starting powders 
，‘ 
~ Yes ~ ！ ！ N o ‘ Cu/Ca ratios Common process 3 ^ i Stoichiometric ratio • ^ from 2 to 4 
，r ，r 
Sample A Common process 1 ，r 
，� Common process 1 
Common process 2 4 ~ Sample B I 
j I Samples CI-C9 
Samp丨es A-丨，B-l Common process 2 i 
^ Cu/Ca ratios from 
^ ^ ，r 2.8 to 3.2 
Sintered for 10 h at Sintered at 975°C for 
925-1150�C 5-30 h Common process 2 
i i i 
Samples T1-T8 Samples H1-H4 Sintered at 975°C 




Common process 1: mixed and grinded for 2 h in a porcelain mortar; then calcined at 
11 
900°C for 10 h and 900-1100°C for 0.3 h. 
Common process 2: grinded for 30 min in a porcelain mortar; then pressed into the 
disks. 
Common process 3: mixed and grinded for 2 h in a porcelain mortar; then calcined at 
900�C for 10 h. 
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Chapter 3 Instrumentation 
3.1 Furnace 
All the calcining and sintering processes were carried out in a muffle furnace, 
Thermolyne 46100. Us temperature was set to increase at a fixed rate of 20 ''C/min. It 
was naturally cooled down to room temperature in air. Fig. 3.1 below shows its 
cooling curve from 1100°C to about 400°C. 
1200 
1100 - , 
1000 - \ 
k i 900 - \ 
i • \ 
灰 8 0 0 - \ \ 





I . I . I 1 1 1 1 I 
0 20 40 60 80 100 
Time (min) 
Fig. 3.1 Cooling curve of the furnace 
3.2 X-ray diffraction (XRD) 
Copper targets produce their strongest characteristic radiation (Ka) at a wavelength of 
1.541 A. When an incident X-ray beam encounters a crystal lattice, general scattering 
occurs. Although most scattering interferes with itself and is eliminated (destructive 
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interference), diffraction occurs when scattering in a certain direction is in phase with 
scattered rays from other atomic planes. Under this condition the reflections combine 
to form new enhanced wave fronts that mutually reinforce each other (constructive 
interference). The relation by which diffraction occurs is known as the Bragg 
condition. Because each crystalline material has a characteristic atomic structure, it 
diffracts X-rays in a unique characteristic pattern. 
Bragg Law: 
2d sine = A,, (3.1) 
where: d = lattice interplanar spacing of the crystal, 6 = X-ray incident angle (Bragg 
angle), and X = wavelength of the characteristic X-ray. 
For a cubic crystal, d is given by: 
" = （ 3 . 2 ) 
where a is the lattice constant of the crystal and {hkl) stands for the corresponding 
lattice planes. When a diffraction pattern is obtained, we can index the peaks by 
comparing it with diffraction data files in the Joint Committee on Powder Diffraction 
Standards (JCPDS). 
From Equations (3.1) and (3.2)，we can get: 
义 
-^h'+e+l^ =asin0. (3.3) 
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L^ I 
By plotting + A:2 + /2 against sin 0, we can determine the lattice constant by 
a = slope. 
In our experiments, the diffraction patterns were measured in a Huber powder 
diffractometer. The Cu Ka radiation was generated by a Rigaku RU-300 rotating 
anode X-ray generator. The power used was 160 mA at 40 kV. 
The solid state reactions produce new materials and consume the sources. So I include 
below the JCPDS No. and the standard X-ray diffraction patterns of four materials: 
CuO, Ti02, CaTi03, and CaCu3Ti40i2 in Table 3.1 and Fig. 3.2, respectively. 
Table 3.1 JCPDS No. of the relevant compounds 
Compound CuO TiOz CaTiOa CaCu3Ti40i2 
JCPDS 45-0937 21-1276 22-0153 21-0140 
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Fig. 3.2 Standard X-ray powder diffraction patterns from JCPDS. 
3.3 Scanning electron microscopy (SEM) 
When a high-energy electron beam interacts with a sample, the secondary electrons 
(SEs) and the characteristic X-ray lines emitted (EDX) are used to form images and 
analyzed to yield the composition. SEs are low-energy electrons coming from the 
sample as a result of inelastic collisions with the incident electron. Due to their low 
energy (~5 eV), only those SEs that are very close to the surface (10 nm) can survive 
and be detected. As a result, the images formed from SEs can be used to obtain 
high-resolution topographic images of the samples. An Everhart-Thomley 
SE-Detector was used to collect the SEs signals. 
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Our SEMs were equipped with energy-dispersive Si (Li-drifted) SATW-detectors, 
which were used to record the characteristic X-ray lines. Quantitative X-ray analysis 
on the specimen was processed by standard software to determine the composition of 
the samples. 
In our experiments, two SEMs, LEO 1450 VP and Cambridge S360, were used to 
examine the morphologies and the compositions of the samples. The typical 
accelerating voltage was 20 kV, the spot size was 250 (Beam current = 40 uA and 
Probe current = 27 pA), and the EDX spectra collecting time was 60 s. 
3.4 Impedance analyzers 
Two impedance analyzers were used to cover the frequency range from 40 Hz to 30 
MHz. The NF Electronic Instruments Model 2330 is a high-accuracy (0.1% basic 
accuracy), full-function LCZ meter. It can measure impedance from 40 Hz to 100 kHz. 
Meanwhile, the Agilent 4285A Precision LCR Meter impedance analyzer also offers 
0.1% basic accuracy, and a higher test-frequency range, from 75 kHz to 30 MHz. 
In the measurements, the following settings were chosen below: the equivalent circuit 
mode was parallel, the data reading speed was SLOW (480 msec/reading), and the 
signal level was 1 V. The capacitance Cp and the dielectric loss D were directly 
measured in the frequency range of 40 Hz to 30 MHz at values « * ICT Hz {m, « = 1, 
2, . . . , 9) at room temperature. 
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Chapter 4 Selections of processing conditions 
4.1 Selection of calcining-process conditions 
4.1.1 Experimental results 
Fig. 4.1 compares the XRD patterns of the calcined CCTO samples A and B. 
Apparently, samples A and B show quite similar diffraction profiles and their common 
diffraction peaks were identified to correspond to those of the CCTO phase. 
According to Equation (3.3) and the data shown in Table 4.1, the lattice parameter of 
CCTO is about 7.39 人.In addition, small amounts of CaTiO〕，CuO and TiOz phases 
were found in sample A. CaTiOs is a new phase, not one of the starting powders. With 
the additional heating of sample B, these other phases disappeared. That is to say that 
CaTiOs only existed in the calcining process A, the details of which were listed in 
Table 2.2. For sample B, the starting materials were completely consumed. Due to 
these facts, it is presumed that the CCTO material was not formed in a one-step 
chemical reaction (CaCOa + 3CuO + 4Ti02 = CaCusUiOu + CO2T). Maybe the 
CCTO reaction process involves two steps: 
CaC03 + Ti02 = CaTiOs + CO2T， (4.1) 
CaTiO^ 十 3CuO + 3Ti02 = CaCuiTuOu- (4.2) 
18 
CuO 
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Fig. 4.1 X-ray diffraction patterns of the samples A and 
B and the relative standard data. The symbols *，八，！ 
stand for CuO, Ti02，and CaTiOs, respectively. 
Table 4.1 Relative 20 angles and plane indexes 
29 (degrees) 29.7 34.4 38.6 42.44 46.02 49.38 61.52 
(hkl) I (211) I (220) I (310) I (222) | (321) | (400) (422) 
In order to observe the influence of the calcining processes on the samples, I mixed 
the three starting powders and pressed them into three raw disks, one of which was 
used as a reference sample and whose microstructure is shown in Fig. 4.2(a). The 
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other two disks were calcined just as samples A and B. Because the microstructures of 
disks A and B are similar to each other, that of disk B is shown as an example in Fig. 
4.2(b). On the same scale, the surface of the raw disk appears flat, but that of the disk 
B is uneven and is composed of the different-sized grains, from about 1 to 10 |am in 
size. Although the grains contact each other, there are still some voids, which 
probably resulted from the release of CO2 during the calcining process. To eliminate 
the voids and to promote grain growth, a sintering process is needed. 
• 
Fig. 4.2 SEM images showing the microstructures of the 
(a) raw disk and (b) disk B. 
Furthermore, I experimented to investigate the interplay between the calcining 
process and the sintering process. The preparations of samples A-1 and B-1 had been 
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described in Chapter 2. From the peak positions of their XRD patterns shown in Fig. 
4.3, the CCTO phase can be identified. Moreover, the CuO phase is still observable in 
A-1. There are three CuO related diffraction peaks, one at 35.56° ((002) reflection) 
and two others at about 38.9°. The latter two will be explained in Chapter 5.2. More 
importantly, the CaTiOs and TiOz phases have disappeared after sintering. This result 
shows that the solid state chemical reaction described by Equation (4.2) was 
continued in the sintering process for sample A-1. So I chose the calcining process B 
to prepare most of samples because it ensured the completion of reactions. 
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Fig. 4.3 X-ray diffraction patterns of samples A-1 and B-l. 
4.1.2 Comparison with the results of other research groups 
In general, the purpose of calcining is to complete the solid state reaction of forming 
the CCTO ceramic from the three starting materials, which should have been used up. 
The completion of the calcining process can be confirmed by XRD. In the literature, 
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some32 performed calcining at high temperatures and for long times, such as between 
1000°C and 1025°C for 10 h, to complete the reaction. Others^ '^^ '^^ "^ '^ ^ only confirmed 
obtaining pure phase CCTO samples after sintering, because they only carried out 
XRD then. W. Li et e l ? did the calcining process at 800，850，900, 950，and 1000°C 
for 12 h, and their XRD patterns showed that there were still other phases in the 
samples, besides the CCTO even at 1000�C. In the calcining process B of our 
experiments, the three starting materials formed CCTO without other phases. As the 
process was mostly carried out at the low temperature of 900°C for about 10 h, it 
could save energy and time. 
4.2 Selection of sintering-process conditions 
People sinter samples to make them hard, compact, and have good properties, but 
sintering at too high temperatures may do more harm than good. The following 
experiments on tuning the sintering conditions were done in order to confirm whether 
CCTO would decompose and, if it would, at what temperature. 
4.2.1 CuO volatilization 
I progressively polished the sample T5 and marked them as T5-1 and T5-2, 
respectively. Figs. 4.4 show the SEM images of the (a) unpolished T5 and (b) polished 
sample T5-2. Through the polishing process, the sample becomes smoother, and the 
grains are no longer discemable. To confirm the difference in the compositions of the 
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samples T5 and 丁5-2，their EDX spectra were collected and are shown in Figs. 4.4(c) 
and (d), respectively. Quantitative analysis of the spectrum Fig. 4.4(c), shows that the 
T5 is rich in copper, up to 28 atomic%. After the two turns of polishing, the Cu 
content of T5-2 is found to come down to 19.62 atomic%. Comparing with the 20 
atomic% of copper in normal CCTO, we can thus conclude that the copper containing 
material that separates out from CCTO floats to its surface. This is confirmed by the 
following XRD patterns shown in Fig. 4.5, which in addition tells us that the material 
is CuO. Apparently, CCTO decomposed into CuO and other phases after 10 h 
sintering at 1050°C. 
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Fig. 4.4 SEM images o f (a) unpolished sample T5 and (b) polished 
sample T5-2; and corresponding EDX spectra (c) and (d). 
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Representative XRD patterns for the unpolished sample T5 and polished samples 
T5-1 and T5-2 are shown in Fig. 4.5. Typical reflections from CCTO still exist in all 
the patterns. In addition, there are peaks from CuO in the XRD of T5. These 
additional peaks were gradually weakened when the sample was increasingly polished. 
This fact confirms that CuO mainly exists on the surface of the CCTO disks. We note 
that the possibility of a CuO loss from CCTO was briefly mentioned in a previous 
34 paper. 
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Fig. 4.5 Typical X-ray diffraction patterns of as-sintered 
sample T5 and polished samples T5-1 and T5-2. 
4.2.2 CCTO decomposition 
Since there were already hints of decomposition in CCTO at 1050°C, I prepared 
samples T7 and T8, which were sintered at higher temperatures of 1110°C and 1150°C, 
to confirm it. The decomposition of CCTO had been mentioned by others before, 
but they have not identified the final products. 
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For T7，there are some large grains distributed among smaller ones, as shown by the 
SEM image of Fig. 4.6(a). To figure out their composition, the EDX spectrum of the 
large grains was obtained. Only titanium and oxygen peaks show up in the spectrum 
of Fig. 4.6(b), and the atomic ratio of Ti to O is about 1:2. The EDX spectrum 
obtained from places other than the large grains is shown in Fig. 4.6(c). We can see 
that there are three elements, titanium, oxygen and calcium at the ratios Ti:Ca:0 ~ 
1:1:4. Thus, we may conclude that T7 does not contain CCTO anymore, it consists 
mostly of Ti02 and possibly some CaTiOs phases. 
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Fig. 4.6 (a) SEM image of sample T7 sintered at 
1110�C，EDX spectra obtained from the (b) large 
grains and (c) other places. 
For sample T8, whose SEM image and EDX spectra are shown in Fig. 4.7, there are 
some elongated grains, mainly distributing on certain parts of the sample (Fig. 4.7(a)). 
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Only titanium and oxygen, at an atomic ratio of about 1:2 were found (Fig. 4.7(b)) 
from these long grains. From the other places, the elements were Ti:Ca:0 ~ 1:1:1.9 
(Fig. 4.7(c)). These data suggest that T8 contains mostly CaTi03, mixed with some 
Ti02. 
The microstructures and the compositions of both T7 and T8 suggest a complete loss 
of Cu from the CCTO samples when they were sintered above 1100°C for 10 h. The 
above results show that CuO and TiCh are two of the products of decomposition and 
suggest that CaTiO; is another plausible product. The EDX data do not confirm the 
last because the detected compositions are not exactly 1:1:3. However, as discussed in 
Chapter 5，our XRD studies confirm the existence of CaTiOs in decomposed CCTO. 
Since the CuO phase firstly appears at lower sintering temperatures, too low for 
CCTO to completely decomposes (at or above 1110°C), it suggests that the Cu atoms 
are not as stable as other atoms in the CCTO structure. Our experiments showed that 
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Fig. 4.7 (a) SEM image of sample T8 sintered at 
1150°C, EDX spectra obtained from (b) elongated 
grains and (c) other places. 
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4.3 Optimization of the Cu/Ca ratio 
The molar ratios of CuO to CaCOs (Cu/Ca ratio) in the starting powders of CaCOs, 
CuO and TiOz were varied in the sample series CI to C9 (Table 2.5). All the starting 
powders were calcined under the calcining process B (Table 2.2). Fig. 4.8 shows the 
XRD patterns of samples CI - C9. Quite similar diffraction profiles, corresponding to 
the CCTO phase, were found for all them. At Cu/Ca ratio less than 3，we can see that 
there are small amounts of CaTiOs and Ti02 phases present. It can be clearly 
understood by the chemical reaction described in Equation (4.2). As Ti and Ca are in 
excess compared with Cu, there are some imconsumed TiO: and CaTiO�，so their 
peaks still remain in the XRD patterns. With an increased Cu/Ca ratio, the CaTiOs and 
Ti02 peaks become weaker and disappear when the ratio reaches 2.8. In fact, when the 
ratio is between 2.8 and 3，only CCTO peaks are observed. However, when the Cu/Ca 
is 3.1, the strongest CuO (220) peak appears. With still large ratio, stronger and 
stronger peaks from the CuO phase are seen in Fig. 4.8. Because when the Cu/Ca ratio 
is too large (3.1)，the excess Cu atoms can not be taken up by the CCTO structure, so 
they exist in the form of CuO. When the Cu/Ca ratio is 4，the CCTO peaks becomes 
weak and the CuO peaks becomes relatively strong. There are many other peaks, 
besides those of CCTO peaks, which are from CuO. So the results show that I should 
choose a Cu/Ca molar ratio between 2.8 and 3.2 to do the sintering process. 
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Fig. 4.8 X-ray diffraction of CCTO samples prepared with 
different Cu/Ca ratios. 
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Chapter 5 Results and discussion 
Since the high dielectric constant was found for all the CCTO samples within a very 
wide frequency range below 1 MHz at room temperature, the dielectric constants of 
the samples prepared under different series of experimental conditions are listed in the 
Table 5.1, 5.2, and 5.3 at representative frequencies. The choice of the frequency is to 
show the mostly representative the character of the dielectric constant. 
Table 5.1 Dielectric properties of samples sintered for 10 h at different temperatures 
Designation of samples Sintering temperature (°C) Dielectric constant Minimal D 
f i ^ 593 0.183 
12 ^ 1,794 0.187 
T3 WS 3,164 0 l31 
T4 16,875 0074 
T5 18,399 q W I 
T6 n ^ 22,810 
Note: The dielectric constants are obtained at 1 kHz. 
Table 5.2 Dielectric properties of samples sintered at 1000°C for different time 
Designation of samples Sintering time (h) Dielectric constant Minimal D 
— 5 7,536 ^ 
H2 fO 15,989 
H3 15 13,294 0 1 ^ 
H4 30 13,248 0^2 
Note: The dielectric constants are obtained at 3 kHz. 
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Table 5.3 Dielectric properties of samples with different Cu/Ca ratios sintered at 
975°Cfor lOh 
Designation of samples Cu/Ca ratio Dielectric constant Minimal D 
O I s 2,053 0.126 
^ W 2,053 0.115 
^ 3 2,637 O j n 
C6 37\ oTz 
O 32 2,296 
Note: The dielectric constants are obtained at 4 kHz. 
5.1 Properties of CCTO ceramics sintered at different temperatures for 10 h 
Structure 
Fig. 5.1 shows the typical XRD patterns of samples T1-T6. All have quite similar 
diffraction profiles. The diffraction peaks can be indexed to CCTO. Several small 
additional peaks of CuO appear in the pattern of T4 which was sintered at 1000�C. We 
shall show where this CuO phase locates in the samples in Fig. 5.8. Careful 
examination of the CCTO (310) peak of T4 (inset in Fig. 5.1), near 20 = 38.56°, 
shows that, starting from T3, it slightly shifts to larger angles, as compared with the 
corresponding peaks of T1 and T2. More importantly, we can not see the strong peak 
of CuO ((002) reflection) at 35.56。，which means that the (002) peak is unnecessarily 
in appearance in XRD with the CuO phase. Furthermore, its intensity in H4 is 
strongest among corresponding peaks in all samples. These suggest that it consists of 
more than one peak. The nature of this peak will be discussed later. They suggest that 
starling from a temperature between 950�C and 975"C, CuO separates out from 
CCTO. We note that the corresponding peak in T6 appears to be shifting back to the 
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same angle as that of TI and T2. In addition, the CuO related peaks have disappeared 
and have been replaced by peaks related to CaTiOs and Ti02 in T6, which means that 
CCTO starts to decompose even at 1100°C. This is perhaps not too surprising, as we 
had shown that CCTO would completely decompose at 1110�C, just 10°C higher. In 
fact, indications of CuO flowing on top of the CCTO disks and subsequently down 
into the AI2O3 substrates were confirmed by the blackening of the normally white 
AI2O3 substrates, starting from the sintering temperature of 1050°C, and especially so 
when it reached 1100°C. 
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Fig. 5.1 X-ray diffraction patterns of CCTO samples sintered at different 
temperatures for 10 h. The inset is the enlargement of peaks at 20 �38 .56° . 
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Morphology 
Fig. 5.2 shows a series of SEM images showing the morphologies of samples sintered 
at various temperatures. At 925°C, many voids are found among the CCTO grains 
that do not contact each other on all facets (Fig. 5.2(a)). At 950°C, some lager grains 
begin to appear and the density of voids decreases greatly (Fig. 5.2(b)). At 975°C, the 
grains become more uniform and they contact each other more tightly, but there is still 
no trace of CuO (Fig. 5.2(c)). At 1000°C, a few grains of an anomalous shape 
(elongated) are found among the CCTO grains (Fig. 5.2(d)). XRD data (Fig. 5.1) and 
EDX data (Fig. 5.8(b)) identify these as the grains of CuO. Up until 1000°C, the 
CCTO grains grow slowly. Once the temperature reaches 1050°C, they grow 
significantly larger than those in the samples sintered at lower temperatures, and more 
CuO separates out, covering the surface (Fig. 5.2(e)). Interestingly, at 1100°C, CuO 
that was covering the surface completely disappears (Fig. 5.2(f)). At the same time, 
the CCTO grains grow to huge ones that very tightly contact each other. The above 
results show that the CCTO grain growth becomes significant only at temperatures 





Fig. 5.2 SEM images of CCTO samples T1-T6 sintered at different temperatures, 
(a) 925�C，(b) 950�C，(c) 975�C，(d) 1000�C’ (e) 1050�C，and (f) llOO'C. 
Dielectric properties 
The measured raw Cp and D values of the CCTO samples at various frequencies are 
plotted in Fig. 5.3. 
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Fig. 5.3 Capacitance and dielectric loss of CCTO samples 
sintered at different temperatures. 
As the dielectric loss D (Equation (1.2)) does not depend on the geometry of the 
samples, we discuss it here first. The reasons why the dielectric loss increases at both 
the low and high frequency ends of the measured range, regardless of the sintering 
temperatures, can be qualitatively understood from Equation (1.10). At low 
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frequencies, the first term of the equation is important, and D ~ \l{coRbCb)\ however, 
at high frequencies, the second term becomes predominant, and D ~ coRgCb. We note 
that it changes with the sintering temperature (Fig. 5.3(b)). We begin with the 
discussion on the situations where the sintering temperatures are lower than 1000°C. 
At frequencies lower than 100 kHz, we see that the larger the sintering temperature is, 
the smaller the dielectric loss is. So the dielectric loss of CCTO at low frequencies 
(<100 kHz) can be reduced by the sintering process. On the contrary, at frequencies 
higher than 100 kHz, the dielectric loss increases with the sintering temperature. For 
sintering temperatures higher than 1000�C，such as 1050°C and 1100°C, the dielectric 
loss of CCTO behaves oppositely from the situations at low sintering temperatures. It 
increases with the sintering temperature in the frequency range below 100 kHz, and 
decreases in the higher frequency range higher than 100 kHz. It is supposed that the 
substantive reduction of CuO at high sintering temperatures has an influence on the 
samples. 
Using Equations (1.1) and (1.4), the real (e') and imaginary (e") parts of the dielectric 
dispersion are obtained. The diameter (d) and thickness (t) of the samples used in the 
calculations are listed in Table 5.4. 
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Table 5.4 d and t of the series of samples 
Designation of samples d (mm) t (mm) 





T6 ^ OJl 
Fig. 5.4 shows the dielectric dispersion of the CCTO ceramics sintered at different 
temperatures. All samples show giant E'>1,000 within a broad frequency range below 
1 MHz. More importantly, e' increases with the sintering temperature. The sample 
sintered at 1000°C has e ' � 1 7 , 0 0 0 at 1 kHz, which is much larger than the 1,200 of 
the sample sintered at the same conditions in a previous paper.^^ The most important 
difference between the two samples is that the sample in ref. 33 was calcined at 650°C 
for 8 h. This comparison suggests that, besides the sintering conditions, the calcining 
conditions can also have a direct and large influence on the dielectric properties of 
CCTO. The sample sintered at 1100°C gives the highest s，~ 33,000 at 40 Hz, We can 
also clearly see that e' increases significantly with the sintering temperature from 925 
to 1000°C, but the increase becomes insignificant when it is higher than 1000°C. This 
implies that the value of s，is closely related to the polycrystalline microstructure of 
the CCTO sample, particularly to the size of grains^ '^^ ^ and voids. Moreover, drastic 
decrease in is seen at frequencies above 1 MHz, being accompanied by the 
appearance of a corresponding peak in s", as shown in Fig. 5.4(b). For clarity, the 
data for those samples sintered at temperatures between 925 and 975°C are replotted 
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in the enlarged Fig. 5.5(c). This Debye-like relaxation can be explained by the 
Maxwell-Wagner relaxation at the interfaces between the semiconducting gains and 
insulating barriers. These results agree well with those previously r e p o r t e d J 现 40’4i 
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Fig. 5.4 Dielectric dispersion spectra: (a) s’，(b) s", and (c) a partial 
enlargement and overlapping of (a) and (b). Symbols of the same shape 
stand for the data obtained from the same sample, and those data showing 
a peak at about 3 MHz belong to e". 
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The complex impedance Z* is obtained from Equations (1.3), (1.5) and (1.6). Fig. 5.5 
shows the complex impedance plane plots for the CCTO samples sintered at different 
temperatures. The dashed curves are fits to the data, described by semicircular arcs of 
different diameters and centers. As we have discussed, the relaxation time constant 
Tb= RbCb for insulating barriers is much larger than the time constant Tg= RgCg for the 
semiconducting grains. So the insulating barriers response relaxes out at lower 
frequencies than the semiconducting grains. The complex impedance should then be 
described by Equation (1.9). The data were fitted by curves containing two adjustable 
parameters, representing the radius and the location of a semicircular arc on the Z ’ 
axis. At the maximum of the arc, the relationship C0maxRbCb=l holds .Since the ⑴瞧 
value lies outside the available frequency range of our measuring equipment, so only 
part of the arcs was observed in our experiments. Below 1000�C，the radius of the arc， 
which is Rb/2, increases with the sintering temperature. On the other hand, it decreases 
(inset Fig.5.5) when the sintering temperature is higher than 1000°C. Thus it can be 
confirmed that there is an optimum sintering temperature, which is 1000°C for our 
samples, that improves the resistivity of the CCTO ceramics. 
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Fig. 5.5 Z,-Z” plot on the complex impedance plane for CCTO samples 
sintered at different temperatures. The lines are the fitted curves using 
the Cole-Cole empirical relation. The top inset shows all the Z'-Z" plot 
of T4 and T5 at 40 Hz - 30 MHz. 
The fitted curve intersects with the Z, axis at two points, corresponding to co = 0 and 
00，the former gives Z' = Rg+Rb and the latter Z'= Rg. Here, Rg and Rb stand for the 
resistivities of the semiconducting grains and insulating barriers. To lower the 
dielectric loss, there are two methods: one is to increase Rb, the other is to decrease Rg 
according to Equation (1.10). Because Rb » Rg尸 Z '~ Rb, obtaining the optimum R^ 
by sintering is beneficial to reducing the dielectric loss. In theory, Rg could be 
obtained from Z’ measured at co = oo； but in practice, the impedance data obtained are 
not adequately described by Equation (1.9)，which, as we had discussed in Chapter 
1.3，is valid for not too high frequencies. Intersects therefore do not give correct Rg. 
We use instead the measured Z' value at 2 MHz as an estimate of Rg. This is a 
common procedure.i3’i5’42’43 We found Rg equals to 1470, 1430, 569, 87, 72, and 43 
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n*cm for the samples T1-T6, which were sintered at progressively higher 
temperatures. Obviously, the larger is the sintering temperature, the smaller is the 
resistivity of the grains (Rg). We speculate that with the loss of Cu from CCTO, its 
electron concentration is increased. At the same time, the missing Cu, which also 
changes the tilting of the TiOe octahedra, might change the Rg value. Reduction in Rg 
can also be achieved by increasing La doping into the CCTO. Loss of Cu might 
therefore be considered as a way of doping CCTO by point defects. 
In summary, we found that there is an optimum sintering temperature to obtain large 
dielectric constant and that sintering at high temperatures, up to a point, tends to 
reduce the dielectric loss of the CCTO ceramics, as shown by the impedance 
measurements. However, too high sintering temperatures have the undesirable effect 
of causing decomposition. Evidence of decomposition is provided by the 
identification of a CuO phase at 1000°C sintering temperature and by finding only 
Ti02 and CaTiOa remain in the sample at 1110°C and 1150°C. Because CuO separates 
out at lower temperature than the other phases, it is proposed that Cu atoms in the 
CCTO structure are not as stable as other kinds of atoms. The loss of Cu has the effect 
of reducing the resistivity of the semiconducting grains. 
5.2 Properties of CCTO ceramics sintered for different durations at 1000®C 
Prolonging the sintering can make the CCTO grains grow big.44’45 Since too high 
sintering temperature can damage the CCTO ceramics, we would like to know if it is 
43 
possible to obtain sufficient grain growth at somewhat lower temperature for a 
reasonable duration. I chose 1000°C as the sintering temperature, because CuO would 
separate out at just slightly higher temperatures (1050°C). In order to investigate the 
sintering-time influence for the CCTO ceramics, I prepared the samples H1-H4, 
according to conditions shown in Table 2.4. 
Structure 
Fig. 5.6 shows typically XRD patterns for samples H1-H4. Apparently, all the 
patterns contain CuO peaks material, besides the characteristic peaks of CCTO. With 
increasing sintering time, the CCTO (002) peak at 38.56° first shifts to a larger angle 
and then back to the original. Concurrently, the intensity of this peak first becomes 
stronger and then becomes smaller. These changes are especially obvious for the 
sample sintered for 10 h. The similar situation happened to samples T1-T6 in Fig. 5.1. 
The shift of the CCTO (002) peak is due to the existence of the two CuO peaks at 
angles very close to 38.56�. The two are the (111) and (200) at 38 .73�and 38.96。， 
which are two strong peaks of CuO powder, with relative intensities 91 and 28, 
respectively, in the JCPDS No.21-0140. The strongest peak of CuO is at 35.56° with a 
relative intensity defined as 100. We note that the CuO peaks become most obvious 
when the sintering time was 10 h. This can be seen from the intensity of the peak at 
35.56° and by the fact that the CCTO (002) is most significantly affected by its 
neighboring (111) and (200) CuO peaks. We also note that the CuO peaks do not 
increase with the further increases in sintering time. This is because CuO started to 
flow away from the sample and be absorbed by the AI2O3 substrate. 
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Fig. 5.6 X-ray diffraction patterns of CCTO samples 
sintered at 1000°C for different hours. 
Morphology 
In fact, some of the changes in the morphology of the CCTO samples can be seen by 
the naked eyes. We observed that the longer the sintering time was, the thinner the 
sample disks became. At the same time, their color becomes darker and darker. The 
samples also seem to become harder, which was noticeable during their polishing. The 
microstructures of the CCTO ceramic samples are shown in the SEM images of Fig. 
5.7. The grains do not become obviously larger with the increase of the sintering time 
from 5 to 10 h (samples HI and H2) at 1000�C，a temperature at which grain growth 
is slow. Grain growth only becomes obvious when the sintering time exceeds 15 h. In 
addition, some irregularly shaped grains are found between larger, faceted grains of 
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CCTO in H2. For HI and H2, the grain size is not largely changed, and the grain 
became compact. The grain size become more uneven with the longer sintering times 
(samples H3 and H4), and there are some large grains. 
• • 
Fig. 5.7 SEM images for CCTO samples H1-H4 sintered at 1000°C 
for different hours, (a) 5 h，(b) 10 h, (c) 15 h，and (d) 30 h. 
In order to find out the composition of the grains of irregular shape, EDX from the 
spot marked by the cross (Fig. 5.8(a)) was collected from the sample H2 in Fig. 5.8(b). 
Analysis of the spectrum show the atomic percentage of Cu in the grain is larger than 
50%. Combining this with the fact that CuO phase was detected by XRD (Fig. 5.1 and 
5.6)，we conclude that CuO emerges and occupies first the CCTO grain boundaries 
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Fig. 5.8 (a) SEM image of the spot position of CCTO sample 
H2 sintered at 1000�C for 10 h; (b) EDX spectrum obtained 
on the spot position. 
Dielectric properties 
The sintering time dependent raw data of Cp and D are shown in Fig. 5.9. 
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Fig. 5.9 Capacitance and dielectric loss of CCTO sintered for 
different times. The inset in (b) is the enlargement of the low 
frequency part of (b). 
In Fig. 5.9(b), we can see that at high frequencies, the samples with short sintering 
times have smaller dielectric loss. But from the inset, the loss is also clearly larger at 
the frequency lower than 100 Hz. The sample H2 has the lowest loss for frequencies 
between 100 Hz and 50 kHz. Outside this range, other samples show lower loss. Thus, 
we can choose the sintering time to obtain the lowest loss according to the intended 
operating frequency range of devices to be made from CCTO. In addition, Rg obtained 
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for different sintering times are 124，112，99，and 111 Q*cm for the samples HI - H4, 
respectively. We note that there are no significant changes in Rg with sintering time, in 
particular, for sample H4, which was sintered for 30 h, its Rg is slightly larger than 
that of H3, which was sintered for 15 h. This is consistent with the fact that there is 
insignificant loss of Cu from CCTO sintered at 1000°C for up to 30 h. 
Following similar procedures as described in Chapter 5.1, the raw Cp and D data are 
converted to dielectric dispersion curves, which are shown in Fig. 5.10. Geometrical 
parameters of the samples used in the conversion are listed below in Table. 5.5. 
Table 5.5 d and t of the series of samples 
Designation of samples d (mm) t (mm) 
m ^ ^ 
H2 ^ ^ 
H3 ^ 
H4 ^ 
The dielectric constant of all the samples is large, at least 10,000 over a wide 
frequency range below 1 MHz. Sample H2 has the largest dielectric constant (about 
20,000). The dielectric constant does show significant increase with the sintering time 
from 5 h to 10 h. This can be understood as the gains became more compact, the 
average thickness of the grain boundaries becomes small. Because the dielectric 
constant of the CCTO ceramics is essentially decided by Cgb" which is roughly 
proportional to the average grain size and inversely proportional to the average 
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thickness of grain boundaries.'^^ Meanwhile, more CuO, expected to separate out 
among the CCTO grains, results in the thicker grain thickness, for H3 and H4. Thus, 
they have smaller dielectric constant than H2. In addition, to the low- and 
high-frequency peaks, its s " shows an additional peak at about 3 kHz (Fig. 5.9(b))， 
which has never reported to be seen at room temperature before.^^ Since a peak in s" 
is associated with a pair of RC in the lumped circuit model of dielectrics, this is an 
evidence for the requirement of a third parallel RC in the model to describe the 
dielectric behavior of CCTO. A similar requirement has been suggested in ref. 19 and 
43. Meanwhile, with the increase of the sintering time, the position of this peak shifts 
to the lower frequency. 
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Fig. 5.10 Dielectric dispersion spectra of samples HI - H4: (a) s' and (b) s，，. 
It appears that grain size and its distribution have a subtle effect on the dielectric 
response of CCTO. Sintering times longer than 10 h results in a few very large grains 
among smaller ones (Fig. 5.7(c) and (d)). As it is more likely for larger grains to 
harbor domain boundaries than for smaller grains, the effects of domain boundary 
capacitance become important as large grains begin to appear. Associated with these 
domains is an additional relaxation mechanism, which plays progressively more 
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important role as grain size becomes larger and distribution more heterogeneous. 
5.3 Properties of CCa+^TO ceramics 
Although it has been proposed that the Cu content in CCTO affects the dielectric 
r e s p o n s e s , e l e c t r i c a l conduction:^ and the nature and density of internal 
domains, 14 its role in the very large dielectric constant still remains unresolved. 
Recent results for impurity-doped CCTO'^ '"^^ revealed that the dielectric constant is 
strongly related to substitutions at Cu sites. The presence of Cu^^ ions and the Cu 
deficiency in CCTO were confirmed. 42 Currently, the effects of Cu and its 
substitution on the development of the barrier-layer structures, microstructural 
evolution, electrical conduction, and dielectric behavior of CCTO ceramics are being 
studied. In our studies, samples U1-U5 (Table 2.6) with different Cu/Ca ratios (2.8, 
2.9，3，3.1，3.2) were prepared. 
Structure 
Fig. 5.11 illustrates the room-temperature XRD patterns of CCTO ceramics U1 - U5 
with different Cu/Ca ratios. Apparently, all these samples reveal quite similar 
diffraction profiles corresponding to CCTO phase. 
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Fig. 5.11 X-ray diffraction patterns of CCTO 
samples U1-U5 with different Cu/Ca ratios. 
Morphology 
Because the microstructures of the samples are similar to each other, I only show that 
of sample U4 (Cu/Ca ratio = 3.1) as an example in Fig. 5.12. As a whole, the surface 
of the sample is flat and there are no large voids. In Fig. 5.12(b), we can see that there 
are two different-sized grains, 1 and 4 \xYn, in general, which do not contact each other 
tightly. 
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Fig. 5.12 � SEM images of the sample U4, 
(b) partial enlargement of (a). 
Dielectric properties 
The Cu/Ca ratio dependent raw data o fC , and D are shown in Fig. 5.13. 
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Fig. 5.13 Capacitance and dielectric loss of CCTO 
Samples U1-U5 with different Cu/Ca ratios. 
Following similar procedures as described in Chapter 5.1，the raw data are converted 
to dielectric dispersion curves, which are shown in Fig. 5.14. Geometrical parameters 
of the samples used in the conversion are listed below in Table. 5.6. 
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Table 5.6 d and t of the series of samples 
Designation of samples d (mm) t (mm) 
u i ^ 
0 2 ^ ^ 
U3 ^ O ^ 
U4 ^ 
U5 ^ 
Fig. 5.14 shows the dielectric dispersion of CC3+;cT0 ceramics of different •x: (x = 0， 
士0.1’ 士0.2). Obviously, the real part and imaginary part of the dielectric dispersion are 
changed by deviations from stoichiometry. The change is, however, complicated. We 
note that more Cu {x =0.2) tend to result in flatter dispersion for the dielectric constant, 
which remains large, and smaller loss (Fig. 13(b)) below 100 kHz. 
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Fig. 5.14 Dielectric dispersion spectra: (a) s' and (b) s，，. 
Fig. 5.15 shows the complex impedance plane plots for the ceramic samples. Again, 
we see that excess Cu (x=0.2) tend to increase Rb’ and decrease Rg, which has the 
smallest value of 293 Q.*cm at 2 MHz for samples U1-U5. 
57 
2x10' 2X107� • 
2x10' ： z . -一.一-' , � � • U2 
1x10'� Z , . \ A U3 1x10'� . . ,� .�..�. • U4 
1x10' - / . . • • ' • � • • . . . \ • U5 
1x10; ： /：/•• \ 
一 1x10' - / / ••• \ 
§ 9x10" - •、, \ a 8x10' - •:••• \ 
U 鳩 : : f \ . 6 x 1 - * _ ^ • w% \ \ \ 0 E~1 I__li_j_I • ‘ I • ' • I 1 iJ_I i] I 
0 0 5.0x10' 1.0x10' 1.5x10' 2.0x10' 2.5x1 o' 3.0x10? 3.5x10? 4.0x10' 
Fig. 5.15 Z'-Z" plot on the impedance complex plane at the room 
temperature for CCa+^TO sintered at 975 °C for 10 h. The lines are 
the fitted curves using the Cole-Cole empirical relation. 
Dielectric properties have been proved to be related to the Cu/Ca molar ratio. 
Compared with others, the sample U5 (Cu/Ca ratio = 3.2) has the best dielectric 
properties, which has flatter dispersion for the dielectric constant, the large 
insulating-barrier resistivity, small semiconducting-grain resistivity and low dielectric 
loss. 
5.4 Discussion 
We have used an equivalent circuit model consisting of two parallel RCs in series to 
describe the experimentally observed dielectric properties of CCTO ceramics. 
However, the model should really contain three parallel RC elements, as we have 
indicated in Chapter 5.2. Although this third RC has a minor effect on the values of 
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dielectric constant and loss, it indicates an additional mechanism of dielectric 
relaxation in CCTO. This model is similar to the one recently suggested in ref. 43. In 
fact, the insulating barriers {Rb, Cb) are composed of two parts, grain boundaries {Rgb, 
Cgb) and domain boundaries {Rx, Q). The grain boundaries may result from the 
microcracks, mismatch of the lattices, segregation, space charge, or a combination of 
these factors. In our experiments, they could be due to the presence of reoxidized 
grain boundaries on the outer surfaces of the CCTO grains^^ and a secondary phase of 
CuO segregation at grain boundaries^® shown in Fig. 5.8. Domain boundaries in the 
grains have been observed by the transmission electron microscopy and the electron 
diffraction pattern from selected small a r e a s , a n d they may be attributed to orderly 
arranged dislocations.2� 
However, dielectric dispersion is practically determined by Cgb and Rg at room 
temperature. The characteristic frequency discussed in Chapter 5.1 is decided by 
CgiJig” Just because all the data are obtained at room temperature, so I will only 
discuss the IBLC model of semiconducting grains and insulating grain boundaries in 
CCTO ceramics._,29’44，47’5o’5i’52 
In this model, the volatilization of CuO, oxygen vacancies, and the aliovalences of Cu 
and Ti ions are considered to play important roles. The conductivity of the grains may 
arise from a small amount of oxygen loss during ceramic process in air at high 
temperature，12,24 in which valence variations from Ti4+ and Cu^ "^  to Ti^^ and Cu^ "^  
occur to compensate the formation of oxygen v a c a n c i e s ] 7’20’24 So the sample sintered 
at 1100°C for 10 h had the minimum value of Rg, as mentioned in Chapter 5.1. With 
the increase of the sintering time, copper loss of the CCTO samples becomes more 
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significant, which results in an increase in the conductivity of the grains. For CCs+aTO 
samples with different Cu/Ca ratios, where deviations from stoichiometry is small (x 
=0)，minimum values of Rg are obtained. The sample with excess Cu (x = 0.1) has 
less Cu vacancies inside the grains and more CuO among the grain boundaries, and 
has a higher Rg. As to the sample with Cu deficiency {x = -0.1), the oxygen diffusion^® 
can easily pass through the grain boundaries to compensate for any charge imbalance 
inside the grains, so has higher Rg. 
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Chapter 6 Conclusions 
In this work, we reported our study on the influence of the synthesis conditions of the 
high-dielectric material CCTO. In general, the sample of stoichiometric composition, 
which was calcined at 900°C for 10 h and 900-1100°C for 0.3 h and then sintered at 
1000°C for 10 h, has the most desirable dielectric properties: dielectric constant as 
high as 19,113 and dielectric loss as low as 0.074. Meanwhile, we noticed, by varying 
the experimental conditions, such as sintering temperature and time, and CuO molar 
ratio (different Cu/Ca ratios), significant changes in CCTO occur, primarily in its 
dielectric properties. For example, the higher the sintering temperature, or the longer 
the sintering time, the larger is the dielectric constant, provided that there was 
negligible decomposition of CCTO ceramics. In addition, when the Cu/Ca ratio is just 
3, the CCTO has the largest measured dielectric constant. 
Secondly, we discovered that the calcining process is very sensitive to the temperature. 
Calcining at as high as 900°C for as long as 10 h, the CCTO is still not completely 
synthesized. Furthermore, the result of the subsequent sintering process is affected by 
the calcining process, and the incompletely formed CCTO samples during the 
calcining process would contain another phase of CuO, despite after being sintered at 
950°Cfor l0h . 
In addition, we also found that the samples are unstable when sintered at too high 
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sintering temperatures for 10 h. At first, CuO comes out from the CCTO ceramic 
samples. When the decomposition occurs, both Ti02 and CaTiC^ would show up. 
Meanwhile, CuO flows out of CCTO, leaving only Ti, Ca and O elements behind 
when the samples are sintered at the temperatures higher than 1100°C for 10 h. 
Finally, we also found evidence to show that the model describing the high-dielectric 
origin of CCTO should be composed of three parallel RCs in series. 
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